Raspberry ringspot virus (RRV) infected tobacco mesophyll protoplasts best, judged by the yield of infective virus, when the inoculation mixture contained 0'04 to 5 #g/ml virus, I.o to I"5 #g/ml poly-L-ornithine and phosphate buffer (0.006 to 0.025 M, pH 6"0 to 9"0); without poly-L-ornithine no infection occurred. The optimum temperature for accumulation of infective virus was 2o to 22 °C, and the virus content reached about 2 x Io ° particles/protoplast in 3 days at z2 °C. On staining with fluorescent antibody to purified virus particles, infected protoplasts gave a faint generalized cytoplasmic fluorescence, with many also containing a more brightly fluorescing spot thought to correspond with the vesiculated inclusion body found by electron microscopy.
INTRODUCTION
Isolated leaf mesophyll protoplasts, which can be infected synchronously, are proving to be very suitable for studies of how plant viruses infect and replicate (Takebe, 1975) . In this laboratory, previous work using tobacco mesophyll protoplasts was centred on the behaviour of the CAM strain of tobacco rattle virus (TRV-CAM; Kubo, Harrison & Robinson, I974; Kubo et aL I975a, I976; Harrison et al. t976 ), but it was also found that the protoplasts can be infected with raspberry ringspot virus (RRV; Kubo, Harrison & Barker, I975b) . As a preliminary to studies of the replication and behaviour of RRV, we have now determined the effects of different conditions of protoplast inoculation and incubation on yield of infective virus. Otsuki & Takebe (1976) found that three unrelated viruses, tobacco mosaic, cucumber mosaic and potato X, can infect and replicate in the same protoplast, and we have taken the opportunity to see whether RRV and TRV-CAM, which belong to other virus groups, can do this.
The results indicate that conditions for infecting high percentages of protoplasts with RRV are similar to those giving most infection with TRV-CAM, that the yield of RRV is I26 H. BARKER AND B. D. HARRISON less than of TRV-CAM, that both viruses can infect the same protoplast, and that RRV particle antigen then becomes aggregated in a manner not observed in protoplasts inoculated with RRV only. (or 2"8/46 ):S/S: S/Ne, nepovirus group, was purified from systemically infected leaves of Nicotiana benthamiana, using the method of Murant et al. (1972) . Strain CAM of TRV (Harrison & Woods, I966) , cryptogram R/1:2"4/5 +o'7/5 :E/E:S/Ne, tobravirus group, was purified as described by Cooper & Mayo (1972) from systemically infected leaves of N. clevelandii.
METHODS

Viruses and purification. Strain E of RRV, cryptogram R/I:Z'4]43+I'4/z8
Preparation, inoculation and culture of protoplasts. Protoplasts were prepared and inoculated by the indirect method, as described by Kubo et al. (I975a) using tobacco plants (N. tabacum cv. Xanthi) grown in a controlled environment (Kubo et al. I975b) as sources of the protoplasts. Unless otherwise stated the following conditions were used for inoculation and incubation of the protoplasts: (I) inoculation mixtures contained purified virus at a final concentration of I #g/ml, poly-L-ornithine at I #g/ml, and o'o25 M-potassium phosphate buffer, pH 6.0 in 0"7 M-mannitol; (2) when inoculation mixtures contained both RRV and TRY, each virus was at I #g/ml; (3) inoculated protoplasts were incubated for 2 or 3 days at 22 °C in continuous light (Kubo et al. I975a) .
Staining with fluorescent antibody. Fluorescein-conjugated antibody either to RRV or to TRV-CAM was prepared, and used in tests to determine the percentage of protoplasts infected and the distribution of virus antigen, as described by Kubo et al. (I975a) . HeM of virus antigen. Fresh protoplast extracts were assayed for RRV particle antigen using antibody-sensitized latex, as described by Kubo et al. (I975a) . Tests in which purified RRV was added to extracts of uninfected protoplasts indicated that the assay was not affected by the presence of normal components of tobacco protoplasts and that the smallest detectable concentration of RRV was o-z 5 #g/ml.
HeM of infective virus. Protoplast extracts were prepared, stored and their infectivity compared by inoculation to leaves or half-leaves of Chenopodium amaranticolor, essentially as described by Kubo et al. (I975a) . In many experiments the relative infectivity of extracts was taken as a measure of the success of infection.
RESULTS
Antigen distribution in infected protoplasts
When protoplasts were stained with fluorescent antibody 2 to 3 days after inoculation with RRV, fluorescence was usually too weak for the proportion stained to be assessed accurately. Staining took the form of weak generalized fluorescence accompanied in many of the protoplasts by a more brightly stained spot (Fig. I a) . In some experiments the staining was stronger than usual, with both the generalized fluorescence and the spot being more intense, and with a large proportion (up to 99 %) of the protoplasts staining.
Ultrathin sections of the infected protoplasts, examined in the electron microscope, revealed inclusion bodies, not more than one per protoplast and composed of masses of membranous vesicles bounded by endoplasmic reticulum (Fig. 2) . These bodies closely resemble the inclusions found by Harrison et al. (1974) 
Effect of inoculum composition on virus production
Because the proportion of protoplasts infected could not be accurately estimated by fluorescent antibody staining in most experiments, the effect of inoculum composition on infection was assessed by comparing the infectivity of extracts prepared from protoplasts 2 or 3 days after inoculation (Table I ). In the assays, the number of lesions produced by different dilutions of any one sample typically decreased more rapidly than expected from the dilution factor (Harrison, I958) Ultrathin section of cytoplasm of a protoplast 2 days after inoculation with RRV. The inclusion body (I) consists mainly of membranous vesicles, and typically is bounded by endoplasmic reticulum (E). Table I . As with TRV-CAM (Kubo et al. ~974) , the use of phosphate buffer in the inoculation mixture resulted in greater yields of infective RRV than were obtained using citrate, and the optimum phosphate molarities were similar for the two viruses; however, a little RRV was produced by protoplasts inoculated without using any buffer. RRV also resembles most other viruses tested (Takebe, I975) in requiring poly-Lornithine in the inoculation mixture for infection to occur, and in the concentration needed (Table I ). RRV concentrations of o'o4 to 5"o #g/ml in the inoculation mixture gave the greatest virus yields, with some infection occurring at o.ooi6/zg/ml. However, when the concentration of virus was increased to 25 #g/ml, the yield of infective virus decreased (Table I ). All these effects occurred consistently in replicate experiments. We concIude that the standard inoculation mixture used, containing I/~g/ml RRV, I/zg/ml poly-Lornithine and o'oz5 M-phosphate, pH 6.o, should give most infection.
Effect of post-inoculation incubation temperature on virus production
Protoplasts incubated for 2 or 3 days at I8 or 24 °C yielded substantially less RRV, assessed by infectivity assays, than those kept at zo or 2z °C (Table 2 ). There was little consistent difference between yields at 2o and 22 °C or between those at I8 and 24 °C, but the protoplasts survived better at I8 °C and in some experiments were maintained satisfactorily for 4 days. * Inoculation mixture was produced by adding Io ml of pre-incubated inoculum containing buffer, poly-t-ornithine and. virus to ~0 ml of protoplast suspension 0"o to ~.5 x ~05/ml) in 0-7 ~l-mannitol. The concentrations given in the table are the final values for the mixture. At I8 °C, virus accumulation had begun by 23 h, increased about 3o-fold during the second day and by a further five-fold during the third day (Fig. 3) . There was little additional increase during the fourth day. Virus infectivity increased by more than IOoo-fold in the 4-day period.
The absolute amount of virus yielded by protoplasts can be difficult to estimate by comparing the relative infectivities of protoplast extracts and of known concentrations of purified virus, because of probable differences in specific infectivity of the virus in the two kinds of preparation. Antibody-sensitized latex was therefore used to estimate virus concentration. The precipitation endpoints of protoplast extracts indicated yields of 4 to 8/zg virus/Io 6 protoplasts after 2 days at 22 °C, and t6/zg after 3 days. Assuming virus produced * Inoculation mixture contained virus and poly-L-ornithine each at I #g/ml, and 0"025 M-phosphate buffer, pH 6.0. Chenopodium amarantieolor leaf after inoculation with an extract equivalent to 9 x io 4 protoplasts/ml. in protoplasts has the same proportions of top, middle and bottom component particles as purified preparations, the virus yields are calculated to be about 0.8 × ~o 6 particles per protoplast at 2 days after inoculation, and 2 × IO 6 at 3 days. The number of particles per infected protoplast is probably only slightly larger, because the generalized staining with fluorescent antibody in these experiments indicated that at least 70 % of the protoplasts were infected. 
Infection of protoplasts with RRV and TRV I3I
Double infection with tobacco rattle virus Protoplasts inoculated with a mixture of RRV and TRV-CAM, incubated for z to 3 days and then stained with fluorescent antibody to TRV-CAM, had the same distribution of TRV antigen (Fig. t c, d) as that in protoplasts infected with TRV-CAM only (Kubo et al. I975a) . Fluorescent antibody stained many small granules and, in some protoplasts, the position of the chloroplasts was indicated by the unstained spots outlined by stained material. In contrast, many of the protoplasts inoculated with the mixture of viruses had a distribution of RRV antigen very different from that in protoplasts inoculated with RRV only (Fig. I a, b) . Whereas the singly infected protoplasts showed the usual faint generalized fluorescence, and often a sometimes quite large, more intensely stained spot, many of the protoplasts inoculated with RRV+TRV-CAM had numerous intensely staining granules distributed throughout the cytoplasm. These granules are referred to as RRV antigen aggregates. In control tests, RRV fluorescent antibody did not stain protoplasts inoculated with TRV-CAM alone, and TRV-CAM antibody did not stain those inoculated with RRV only.
In some experiments, more than 95 % of the protoplasts inoculated with the virus mixture subsequently stained with fluorescent antibody to TRV-CAM and up to 95 % developed RRV antigen aggregates. This shows that almost all the protoplasts supported the simultaneous multiplication of both viruses.
In other experiments, in which fewer protoplasts became infected with TRV-CAM after inoculation with both viruses, the proportion producing RRV antigen aggregates was smaller. For example, in one experiment in which samples were taken after 2 days at 22 °C, 55 % of protoplasts inoculated with the virus mixture stained with TRV-CAM antibody and 34% contained RRV antigen aggregates. Also, when these protoplasts were stained with a mixture of the two antibody preparations, 54 % showed fluorescent granules, indicating that the RRV antigen aggregates occurred only in protoplasts also infected with TRV-CAM. The presence of RRV in the inoculum did not decrease infection by TRV-CAM, which infected 54 % of the protoplasts when inoculated alone. However, in a proportion of other similar experiments, small decreases were found. The staining of protoplasts inoculated with RRV alone was too faint to permit an accurate assessment of the proportion infected.
In further experiments the effect of changing the concentration of TRV-CAM in the inoculation mixture was studied, keeping RRV at I #g/ml (Table 3) . As before, RRV had no detectable effect on the proportion of protoplasts infected with TRV-CAM, and RRV antigen aggregates developed only in protoplasts infected with TRV-CAM. After inoculation with the virus mixtures containing differing amounts of TRV-CAM, the percentage of TRV-infected protoplasts that produced RRV antigen aggregates was constant ( Table 3 ), suggesting that RRV infected the protoplasts independently of TRV-CAM, that about 7o % were infected with RRV and that RRV antigen aggregates therefore developed in this proportion of protoplasts infected with TRY-CAM.
DISCUSSION
The conditions of inoculation most favourable for infection of protoplasts with RRV, judged by the yield of infective virus, w~re similar to those most suitable for TRY-CAM (Kubo et al. 1974, r975a) , and this facilitated attempts to infect protoplasts with the two viruses together. The behaviour of RRV in protoplasts, however, contrasts with that of increased about threefold during the third day at 22 °C after inoculation, whereas TRV-CAM increases little during this period. Even so, the final concentration of RRV (in/zg/ml) is considerably less than that of TRV-CAM; the faint staining of RRV-infected protoplasts with fluorescent antibody is probably a further indication of the relatively low virus concentration. The relative concentration reached by the two viruses in protoplasts roughly parallels their behaviour in intact tobacco plants.
The effect of RRV on protoplasts resembles more closely that of cowpea mosaic virus than of any other virus studied. Both induce inclusion bodies consisting of masses of membranous vesicles, and there is evidence that those of cowpea mosaic virus are sites of accumulation of virus particle antigen (Hibi, Rezelman & van Kammen, I975) and of virus RNA synthesis (de Zoeten, Assink & van Kammen, I974). The inclusions induced by cowpea mosaic virus are probably virus-synthesizing factories, and it seems likely that the similar but smaller inclusions induced by RRV are too. Although these two viruses are members of different groups, the comoviruses and nepoviruses respectively, these groups have loose affinities, because both comprise viruses with isometric particles about 30 nm in diam., and with RNA genomes of similar size in two parts that are both needed to produce infection. Their modes of replication may therefore be similar.
The double infection of protoplasts with RRV and an unrelated virus, TRV-CAM, adds another example of this phenomenon to the few described by Otsuki & Takebe 0976)-In the previous examples, however, no special interactions between viruses were found, whereas the distribution of RRV particle antigen was drastically affected by double infection with TRV-CAM. Whether double infections with RRV and TRV-CAM invariably result in the formation of RRV antigen aggregates is not known, and our figures for the proportion of protoplasts doubly infected may be underestimates. Further studies on the nature of the interaction between these two viruses are described in a companion paper (Barker & Harrison, I977) .
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